60-mm Falcon dishes in MEM. At 24 hr after seeding, the medium was replaced by fresh MEM containing 2 mm thymidine (Fluka). After an additional 24 hr, the medium was replaced by fresh MEM for 12 to 14 hr. Next, the medium was again replaced by one containing 2 mm thymidine, and the cells were incubated for an additional 24 hr. At the end of this period, the cultures were washed twice with phosphate-buffered saline (PBS) at pH 7.2. The time of washing was taken as zero for synchronization. The course of DNA synthesis in the synchronized cultures was determined by pulse-labeling the cells with 3H-thymidine. The cells in each duplicate culture were counted after trypsinization.
In the course of infection of animal cells by paramyxoviruses, after the adsorption of the virions to the surface of the cells, there is a stage when the viral envelope of the adsorbed virion fuses with the cellular membrane and the viral nucleoprotein enters the cytoplasm of the cells (11) . This process of virus-cell fusion also occurs when the viral nucleic acid of the virions is rendered noninfective by ultraviolet (UV) irradiation.
The initial effects of adsorption of UV-inactivated parainfluenza virus (Sendai) to HeLa cells on the course of deoxyribonucleic acid (DNA) synthesis are reported in this communication.
MATERIALS AND METHODS Cells. HeLa S-3 cells were grown in Eagle's minimal essential medium (MEM; Grand Island Biological Co. F-12) containing 10% calf serum. For experiments involving fluorodeoxyuridine (FUdR) or 32p, the serum was dialyzed to remove thymidine and phosphates. The cell cultures were used 24 hr after seeding 8 X 105 to 10 X 105 cells per 60-mm Falcon dish. All cells were grown in a CO2 incubator.
Synchronization of cells. The cells were synchronized by a modified method of the double thymidine block (13): 1.5 X 105 to 2 X 105 cells were seeded in 60-mm Falcon dishes in MEM. At 24 hr after seeding, the medium was replaced by fresh MEM containing 2 mm thymidine (Fluka) . After an additional 24 hr, the medium was replaced by fresh MEM for 12 to 14 hr. Next, the medium was again replaced by one containing 2 mm thymidine, and the cells were incubated for an additional 24 hr. At the end of this period, the cultures were washed twice with phosphate-buffered saline (PBS) at pH 7.2. The time of washing was taken as zero for synchronization. The course of DNA synthesis in the synchronized cultures was determined by pulse-labeling the cells with 3H-thymidine. The cells in each duplicate culture were counted after trypsinization.
Virus. Parainfluenza 1 (Sendai) virus was used. The virus was grown in the allantoic cavity of 9-dayold chick embryos. From the infected allantoic fluid, collected 48 hr after inoculation, the virus was concentrated and purified by one cycle of low-speed centrifugation (650 X g, 30 min; International) and one cycle of high-speed centrifugation (Spinco model L; 78,000 X g, angle head, 1 hr). The pellet was then resuspended in 2% of the original volume in PBS and centrifuged again at low speed (12,000 X g, 10 min); the supernatant suspension was decanted and stored at -60 C. Before use, the virus suspension was thawed and 0.7-to 1.0-ml samples were irradiated for 4 min in a 60-mm Falcon dish from a distance of 30 Experimental set up. The synthesis of DNA, as indicated by the incorporation of 3H-thymidine into trichloroacetic acid-precipitable material extracted from the cells, was studied in two systems of HeLa cells treated with UV-inactivated Sendai virus. In one, the cells were used as random cultures, 1 day after setting up the cultures. In such cultures, about 20 to 30% of cells synthesized DNA at any given period (1 hr). In the second system, the HeLa cells were synchronized and their DNA synthesis was determined during the S phase. Autoradiography confirmed that about 93% of cells in these synchronized cultures were actually in the S phase.
In both systems, the effect of virus adsorption on DNA synthesis was determined as follows. The medium in the cultures was replaced by 0.2 ml of irradiated parainfluenza virus. After 15 min of adsorption at 37 C in a CO2 incubator, 4 ml of prewarmed medium was added to the plates, followed immediately by 0.2 ml of 8H-thymidine or "P. The pulse labeling continued for 15 to 30 min. Replicate cultures were pulse-labeled at various times during the synchronization cycle.
RESULTS
The results of two typical experiments on increased incorporation of 3H-thymidine into random (unsynchronized) and synchronized HeLa cells treated with UV-inactivated Sendai virus are shown in Table 1 and Fig. 1 , respectively. In both systems, a 2.5-to 3.5-fold increase in the incorporation of 5H-thymidine was observed in the virus-treated cultures, as compared to control cultures. This increase was particularly striking in synchronized cultures. The effect of virus treatment on thymidine incorporation was tran- Fig. 1 ., the effect was quite striking at the height of the S period but was almost unnoticeable in the G2 period, when there is no DNA synthesis.
Initially, this increase in incorporation of thymidine into DNA was assumed to result from an effect encountered in cases of polyoma or s'ima virus 40 infection (2, 5) , namely, stimulation of cellular DNA synthesis.
When, however, comparative experiments were done, in which incorporation of both thymidine and 82P into DNA was measured, it was found that the 12 incorporation into cellular DNA was markedly inhibited (Fig. 2) , whereas, as observed before, the incorporation of 3H-thymidine into DNA increased (although less than usually observed).
Decrease of 32P incorporation into DNA extracted from virus-treated cells clearly indicated an inhibition of DNA synthesis. The paradoxical increase in the incorporation of 8H-thymidine, therefore, can be interpreted as resulting from one of the following possible causes. (i) Increased permeability of cellular membranes caused by adsorption of a large number of virions under conditions of fusion (7, 9, 12 previously observed with high multiplicities of infection leading to fusion ( Table 2) .
The remaining alternative is that the endogenous pathway leading to the production of thymidine in the cells became transiently blocked as a result of virus adsorption. This pathway involves at its end the methylation of deoxyuridine monophosphate (dUMP) to thymidine monophosphate (TMP) by thymidylate synthetase. The assumption that thymidylate synthetase is blocked could be tested in several ways. In cells treated with FUdR, thymidine kinase phosphorylates FUdR to fluorodeoxyuridine phosphate, which in turn binds to thymidylic synthetase, with an affinity 1,000 times higher than the natural substrate for the enzyme (dUMP; reference 1), and the normal pathway of synthesis of thymidine triphosphate and of DNA is thus blocked. FUdR should thus mimic the action of parainfluenza virus. Indeed, at a concentration of 0.04 ,g/ml, FUdR caused an increase of incorporation of 3H-thymidine into DNA, which persisted in pulse experiments as long as FUdR was present in the medium. There was also no significant difference between the extent of incorporation of 3H-thymidine in cells treated with FUdR alone and the incorporation in cells treated with FUdR plus virus. This result is compatible with the assumption that FUdR and virus block the thymidine synthesis at the same site or in two sequential steps.
Since the formation of thymidine involves a Figure 4 shows that less label (methyl carbon) appeared at thymidine in virus-treated cells. In addition, in guanine which accepts from formate carbon atoms no. 2 and 8, there was also an inhibition of incorporation of 14C. Therefore, it seems that the synthetic steps involved in virus-treated cells might be connected with the activity of tetrahydrofolate, which both methylates dUMP and adds formate carbon in purines.
What is the actual event triggering the inhibition of DNA synthesis in virus-treated cells? The virus adsorbs to that cell with the aid of hemagglutinins which bind to specific n-acetylglucosamine receptors. During subsequent fusion, the nucleoprotein of the virion enters the cytoplasm. Is (14) . The inhibition of cellular protein and DNA synthesis was not seen 1 to 2 hr after infection a Hemagglutinins were prepared by the Tweenether method (6) but became evident at a time when newly made viral antigens and infective virions began to appear. In a later study on L cells infected by Newcastle disease virus, Ensminger and Tamm (3, 4) demonstrated that inhibition of protein and DNA synthesis became evident 2 hr after infection and reached 40%0 by 3 hr. Evidence was presented that inhibition of DNA synthesis was secondary to inhibition of protein synthesis and that this inhibition of protein synthesis affected a process required for the initiation of DNA synthesis on new replication sites without affecting the physical integrity of template DNA. Also, in synchronized L cells infected by Newcastle disease virus, DNA synthesis, as measured by the incorporation of 3H-cytidine, was partiaUy inhibited 2 hr after infection and was completely suppressed after 4 hours, but there was no difference at what stage of the S phase the virus was added.
In the experiments described here, noninfective paramyxovirus was absorbed to random and synchronized HeLa cells, and the transient change in thymidine incorporation was observed from 30 to 90 min after adsorption, i.e., before the time when infective virus begins to exert its effect on cellular DNA synthesis. One may therefore assume that the mere adsorption of virions to the cell membrane is the event which triggers the change in the internal synthetic pathway. A support for this contention comes from the use of UV-inactivated viruses, in which the RNA genome is not active in the replication of the viral RNA, although it may still act as a messenger (10) . A finding of greater importance is that the heat-inactivated virus (indicator virus), or even purified hemagglutinins, were sufficient per se to cause the inhibition of cellular DNA synthesis. Since the preparation of HA used in these experiments, in spite of purification, might have contained some nucleoprotein subunits, the possibility cannot be excluded that the RNA of an inactive nucleoprotein, occasionally phagocytized by the cell, could serve as a signal for some of the synthetic events.
The results of the experiments on the incorporation of 3H-thymidine into DNA should serve as a general caution in all experiments in which such an incorporation is used as evidence for the extent of DNA synthesis. Unless confirmed by other types of experiments (such as incorporation of 32p or measurement of specific activity of newly synthesized DNA), changes in incorporation of 3H-thymidine per se do not indicate stimulation or inhibition of DNA synthesis and may be misleading.
What synthetic intracellular reactions connected with DNA synthesis are blocked as a result of adsorption of virus to the cell membrane? One possible site of inhibition might be the thymidilate synthetase and the methylation step of dUMP to TMP. Results of chromatography of nucleotide pools of cells pulse-labeled with 14C-formate implicate methylation as the step being temporarily inhibited in virus-treated cells. Since in the methylation process both the enzyme thymidilate synthetase and the donorcycle of tetrahydrofolate are involved, the inhibition may effect either of them.
Since the carbon atom of formate is used not only for methylation but for the synthesis of guanine via the tetrahydrofolate cycle, inhibition of incorporation of formate carbon into thymidine, on one hand, and guanine, on the other, would indicate that the effect is located in the tetrahydrofolate cycle. A possibility should, however, be taken in account that the results obtained could result from faulty uptake of formate by treated cells. In view of the general increased activity of the virus-treated cell membrane at multiplicities leading to fusion of cells, one would expect a higher rather than lower uptake of formate.
As to the specificity of the inhibitory reaction, the question may be asked whether only paramyxoviruses cause this transient inhibition of host cell DNA synthesis or whether this occurs with other viruses too.
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